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A kind of energy grass (giant reedgrass) with high calorific value, high production, low land requirement 
and low sulfur dioxide emission is introduced into lignite pyrolysis process in this paper. Individual pyro¬ 
lysis and co-pyrolysis characteristics of energy grass and lignite are investigated by the thermogravimet- 
ric analyzer together with mass spectrometer. The individual decomposition indicates that energy grass 
possesses higher thermochemical reactivity and shorter devolatilization time than lignite. The maximum 
decomposition rate increases with increasing the heating rate for both energy grass and lignite. The mass 
spectrometric analysis reveals that the emission of sulfur dioxide from energy grass is much lower than 
that from lignite. The co-pyrolysis of energy grass and lignite blend is characterized by two-stage thermal 
degradation processes, which is dominant by energy grass content in the first stage but lignite in the sec¬ 
ond stage. No obvious interaction between energy grass and lignite is observed during the co-pyrolysis 
process under the operational conditions investigated in this study. Moreover, the distributed activation 
energy model is applied to determine the activation energy for the pyrolysis of energy grass, lignite and 
their blends. 

© 2015 Elsevier Ltd. All rights reserved. 


1. Introduction 

Energy crops have gained extensive attention around the 
world. Compared with other biomass resources, energy crops 
can be grown on marginal land (sand, saline-alkali or industrial 
waste land) and used for phytoremediation of contaminated or 
poor soils. Many lands of energy crops, such as willow, poplar, 
sweet sorghum, miscanthus, switchgrass, giant reedgrass and 
microalgae, have potential advantages for advanced biofuel 
feedstock. Compared to the retrofit in existing coal-based units, 
high investment costs are required for constructing a new plant 
to convert solely energy crops [1,2], Therefore, the co-process 
with coal is a reasonable choice for utilizing energy crops at 
current stage. 

The co-process of biomass and coal mainly includes pyrolysis, 
combustion and gasification. Pyrolysis process is considered not 
only as a promising technology to produce various chemicals 
and fuels, but also as a fundamental step in combustion or gas¬ 
ification of solid carbonaceous fuels [3-6], As one of the most 
common techniques, thermogravimetric analysis (TGA) has been 
used to investigate the co-pyrolysis behaviors of biomass-coal 
blends in the past twenty years. Many results showed that the 
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co-pyrolysis exhibited a simple additive effect of coal and 
different biomass, such as wood waste/wheat straw [1], pine 
chip [6,7], pine sawdust/sewage sludge [8], olive kernel/forest 
residue/cotton residue [9], olive kernel/straw [10], corncob [11], 
wood [12] and sawdust/switch grass [13], On the other hand, 
several researchers [2,14,15] found the overall volatile yield of 
different blends exceeded the yield calculated from the additive 
behavior, by using hazelnut shell, sawdust, sugarcane bagasse, 
and corncob as biomass. However, Chen et al. [4] thought that 
the presence of microalgae could inhibit the thermal decomposi¬ 
tion of biomass-coal blend. Clearly, a consensus on the effect of 
biomass had not yet reached during the co-pyrolysis processes of 
biomass-coal blends [2], Furthermore, there are only a few 
investigations involving co-pyrolysis of energy crop and coal, 
such as by Chen et al. [4] and Masnadi et al. [13], Therefore, it 
is necessary to fully understand the thermal behavior of energy 
grass-coal blend for designing and operating an efficient co¬ 
conversion unit. 

The aim of this work is to explore the pyrolysis behaviors of 
energy crop (giant reedgrass) and lignite by using thermogravi¬ 
metric analyzer together with mass spectrometer. The effects of 
heating rate and blending ratio are investigated in detail and 
the kinetic parameters of individual energy grass, lignite and their 
blends are obtained by the distributed activation energy model 
(DAEM). 
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2. Methods 

2.1. Samples 

The samples of lignite and energy grass (giant reedgrass) used 
in this study were collected from a farm in northern China. This 
kind of energy crop has following advantages: high calorific value 
(approximately 22.76 MJ/kg). high production (over fifteen years 
after planting as a perennial plant), and lower land requirement 
(growing rapidly in sandy, saline-alkali or industrial waste land). 
All samples were ground and sieved to the desired sizes less than 
250 pm. To eliminate the effect of moisture content, the samples 
were dried in an oven set at 105 °C for 20 h. The blends of lignite 
and giant reedgrass were homogenized by vigorous mixing with 
desired mass percentages and subsequently rolling for 10 h. Gener¬ 
ally, the chemical and physical properties of biomass are different 
from coal in terms of moisture, volatile matter, ash, density, calo¬ 
rific value, and porosity [14], The proximate analysis and ultimate 
analysis summarized in Table 1 show that energy grass has higher 
volatile content, lower ash and fixed carbon contents than lignite. 
Moreover, the sulfur in energy grass is less than that in lignite. 

2.2. Experiments 

Pyrolysis characteristics of energy grass, lignite and their blends 
were determined by the thermogravimetric analyzer and mass 
spectrometer. Energy grass-lignite blends were prepared at the 
following mass ratios of 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8 and 
1:9. Each sample was weighted 10 ± 0.2 mg and then loaded into 
an alumina crucible in nitrogen atmosphere under a fixed flow rate 
of 60 ml/min. The apparatus was purged with nitrogen for 30 min 
to ensure an inert environment before starting heating program. 
All experiments were conducted from the room temperature to 
800 °C at a fixed heating rate of 5,10,15,20 or 30 °C/min. The gas¬ 
eous products released during pyrolysis process were examined by 
mass spectrometer coupled with thermogravimetric analyzer. The 
mass spectrometer was operated under a vacuum and detected the 
fragment ions intensity according to their respective mass to 
charge ratio (m/z). The ionizing voltage of electron impact ioniza¬ 
tion source was 70 eV, and the mass spectrum range was scanned 
from 0 to 150. Three repeated runs were conducted for each sam¬ 
ple and the relative deviation was less than ±3%. Synergistic effect 
of energy grass and lignite was examined by comparing the mass 
loss versus temperature and char yield profiles. 

3. Results and discussion 

3.1. Individual pyrolysis of energy grass or lignite 

3.1.1. Thermal decomposition characteristics 

Taking the heating rate of 20 °C/min as an example, Fig. 1 shows 
the TG and DTG profiles of energy grass and lignite as a function of 
operational temperature. It can be evident that energy grass 
(around 68%) undergoes higher weight loss than lignite (around 
41%) over the heating period, which is largely because the volatile 
matter in energy grass is higher than that in lignite as listed in 
Table 1. The DTG evolution profile indicates that the main thermal 



decomposition process of energy grass occurs in a temperature 
range of 150-500 °C. This is largely due to the decomposition char¬ 
acteristics of the thermally unstable hemicellulose (shoulder peak 
at 290 °C) and cellulose (highest peak at 347 °C), whilst lignin is 
decomposed over a broad temperature range without observable 
peak. As for lignite, the devolatilization occurs at a relatively low 
rate during almost the whole temperature range, which is quite 
different from energy grass. The main organic contents of lignite 
are decomposed in the temperature range of 300-600 °C, and the 
maximum pyrolysis rate of 2.63%/min occurs at 407 °C. The above 
phenomenon is due to the dense polycyclic aromatic hydrocarbons 
linked together by C=C bonds in lignite are more difficult to break 
than the polymers of hemicellulose, cellulose and lignin in biomass 
[16], Moreover, a peak at 728 °C for lignite is assigned to the con¬ 
densation of aromatic rings as the solid residue, which could only 
be coke at such high temperatures [17,18], 

3.1.2. Gaseous product emission characteristics 

Gaseous thermal degradation products can provide more infor¬ 
mation related to the pyrolysis process. Fig. 2 displays the on-line 
mass spectrometric (MS) results of gaseous products with different 
m/z values. Hydrogen (m/z = 2) is detected mainly at higher tem¬ 
perature with peaks assigned at 650 °C for both the energy grass 
and lignite, as a result of charring process [17,18], The ion CH 3 
(m/z =15) is formed from methane and the other organic com¬ 
pounds containing —CH 3 groups. The evolution profile exhibits 
two peaks between the temperatures of 400-550 °C for energy 
grass. The peak at lower temperature may arise from the com¬ 
pounds containing —CH 3 groups, whilst the peak at higher temper¬ 
ature is the methane [19], As for lignite, CH5 arises from methane is 
detected in the temperature range of 350-700 °C. The evolution of 
water (m/z =18) below 200 °C is largely due to the releasing of free 
water and physically bonded water for both energy grass and lig¬ 
nite. Energy grass releases water between 250 °C and 400 °C due 
to the decomposition of hemicellulose and cellulose [19]. While 
lignite releases water between 250 °C and 600 °C due to the 
decomposition of chemically combined or chemically formed 
water [20]; and the main reason for water formation at higher 


Table 1 

Proximate analysis and ultimate analysis of energy grass and lignite. 


Proximate analysis (wt.%) Ultimate analysis (wt.%) 


Moisture Vol Ash FC C HO NS 


Energy grass 7.25 61.55 16.30 14.90 38.91 5.50 38.03 2.24 0.40 

Lignite 15.46 38.72 21.03 24.79 43.74 4.56 28.21 1.21 1.25 
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Temperaure (°C) 

(b) 




temperature (over 600 °C) is the degradation of oxygen containing 
high molecular weight organic compounds by the catalytic effect of 
inorganic materials [21], 

As observed in Fig. 2b and b', carbon dioxide (m/z = 44) starts 
forming at 200 °C or so for both energy grass and lignite. The evo¬ 
lution of C0 2 increases sharply to a maximum at 337 °C and then 
decreases rapidly for energy grass, but decreases slowly after 
reaching a maximum at 389 °C for lignite. The lignite generates 
carbon dioxide by decomposing the aliphatic and aromatic 
carboxyl groups at low temperature [22], and the thermally more 
stable ether structure, quinines and oxygen-bearing heterocycles 
at high temperature [23], Nitrogen dioxide (m/z = 46) is the main 
gaseous pollutant for energy grass pyrolysis, whose evolution is 
similar to carbon dioxide that exhibits a first-increase and then- 
decrease scenario at peak of 337 °C. Sulfur dioxide (m/z = 48, 64) 
is detected as the main gaseous pollutant for lignite, which starts 


from 200 °C or so and reaches maximums at 550 °C. Table 2 lists 
the releasing strength of carbon dioxide (C0 2 ), nitrogen dioxide 
(N0 2 ) and sulfur dioxide (S0 2 ) during pyrolysis by calculating the 
integrated area of each curve. 

In addition, the other fragments with m/z values of 41, 43, 45, 
50, 56, 58, 78 and 92 are also detected, as shown in Fig. 2c and 
c'. m/z = 41 consists of C 2 HO + and C3H5, which are formed from 


Releasing strength of C0 2 , N0 2 and S0 2 during pyrolysis. 

Integrate area/sample mass (E-10) 


Energy grass 502.06 2.23 1.27 

Lignite 239.37 1.10 7.61 
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compounds containing —CH 2 —CO— structure and unsaturated 
hydrocarbons, respectively [19], m/z = 43 from propyl (C3H7), ml 
z = 45 from the fragment ion HCOO—, m/z = 56 from butane 
(C4H8), m/z = 58 from acetone (C3H 6 0), m/z = 78 and 92 from 
benzene and toluene, respectively [24], It is clear that the organic 
components evolved slightly earlier and their formation rates are 
higher for energy grass. 

In summary, the major degradation products of energy grass or 
lignite are hydrogen (m/z = 2), methane (m/z =15), water (m/ 
z = 18) and carbon dioxide (m/z = 44) based on the MS analysis. 

3A.3. Effect of heating rate 

Similar evolution profiles of decomposition process are 
obtained at different heating rates of 5, 10, 15, 20 and 30 °C/min 
for both energy grass and lignite (Fig. 3). The increase in heating 
rate results in the peak temperature shifts to higher values, due 
to the higher heat transfer efficiency at lower heating rate. It was 
reported that the heating of biomass particles occurred more grad¬ 
ually and led better heat transfer to the inner portions of the par¬ 
ticles at low heating rates [17,25,26], Also the maximum rate of 
decomposition increases with increasing heating rate, which is 
because more thermal energy promotes better heat transfer 
between the surroundings and the inside of the sample [27,28], 
Table 3 lists the yield of volatile matter from energy grass and lig¬ 
nite at different heating rates. The amount yield of volatiles 
increases with increasing the heating rate for both energy grass 
and lignite. The difference is that energy grass releases higher vol¬ 
atile matter than lignite under the same conditions. 


Table 3 

Volatile matter released at different heating rates. 

Heating rate (°C/min) 5 (%) 10(%) 15 (%) 20 (%) 30 (%) 

Energy grass 60.36 67.41 66.11 70.09 77.19 

Lignite 38.58 40.22 42.83 40.88 42.80 


3.2. Co-pyrolysis of energy grass and lignite blends 

3.2A. Thermal decomposition characteristics 

Fig. 4 displays the TG and DTG profiles of energy grass- 
lignite blends for various blending ratios at the heating rate of 
20 °C/min. It is found that the co-pyrolysis process of energy 
grass-lignite blend could be characterized by two-stage thermal 
degradation, and the thermal decomposition is dominant by 
energy grass content in the first stage but lignite in the second 
stage. The weight loss and weight loss rate of the blends are 
between those of individual process. With an increase in blend¬ 
ing ratio of energy grass to lignite, the weight loss and weight 
loss rate increase in the first stage but decrease in the second 
stage. This is consistent with the observations by Biagini et al. 
[8] and Aboyade et al. [29], 

Several devolatilization characteristic parameters obtained at 
different heating rates and blending ratios are listed in Table 4. 
The tangent definition is adopted here: T in is the initial decompo¬ 
sition temperature: T f is the terminal decomposition temperature; 
DTG max and T max are the maximum degradation rate and the 




(a) TG profile 



Temperature (°C) 

(b) DTG profile 


Fig. 4. Effect of I 


the co-pyrolysis of energy grass 
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Characteristics parameters of co-pyrolysis process. 

Sample Heating rate (°C) 7> (“C) T m „ (”C) 

(°C/min) 


EG:L (2:8) 5 

10 
15 
20 
30 

EG:L (4:6) 5 

10 
15 
20 
30 

EG:L (6:4) 5 

10 
15 
20 
30 

EG:L (8:2) 5 

10 
15 
20 
30 


Note: EG, energy crop; L, lignite. 


260 436 322 

268 474 336 

275 490 343 

275 483 346 

284 475 358 

257 376 324 

267 414 337 

269 411 343 

267 428 349 

273 435 354 

263 374 317 

264 397 335 

280 392 342 

281 402 350 

284 413 357 

260 364 321 

261 379 337 

263 390 346 

264 396 350 

271 409 360 


DTG max 

(%/min) 

1.95 

1.97 

2.93 

4.38 

7.23 

2.02 

3.19 

5.04 

7.07 

12.03 

2.22 

4.29 

7.08 

8.85 

14.96 

2.70 

5.66 

8.35 

11.47 

17.86 


corresponding temperature, respectively. It is clear that T in , Tf, T max 
and DTG max shift to higher values with increasing the heating rate. 
The Tin and T max are not sensitive with the blending ratio, and 


similar value ranges of T in (260-285 °C) and T max (320-360 °C) 
are obtained for different blends. This also implies that energy 
grass plays a dominant role in the first-stage pyrolysis process. 
An increase in energy grass-lignite blending ratio results in a 
higher maximum degradation rate. However, T f increases with 
increasing the percent of lignite in the blends, which is also 
obtained by Vuthaluru [1] and Chen et al. [4], 

3.2.2. Interaction between energy grass and lignite 

In order to determine the “possible" interaction between 
energy grass and lignite during the co-pyrolysis process of their 
blends, the calculated and experimental weight losses at different 
heating rates and blending ratios are compared in Fig. 5. The calcu¬ 
lated profiles were obtained assuming a simple additive behavior 
in weight loss between energy grass and lignite, as expressed 
below: 


W c = x EG W EG + x L W L (1) 

where W c is the calculated weight loss of the blend, x E c and x L are 
the mass fraction of energy grass and lignite in the blend, respec¬ 
tively. W E c and W L are the weight loss of individual energy grass 
and lignite, respectively. Experimental and calculated curves match 
well with each other below 300 °C, whilst a slight deviation appears 
above 300 °C. 

Moreover, the effect of blending ratio on char yield is presented 
in Fig. 6. In this study, the char yield is defined as the solid residue 
at 800 °C. The solid line is calculated by the weighted sum law of 
the averaged char yields of single fuel from different heating rates 




(a) (b) 




(c) (d) 


Fig. 5. Comparison of experimental and calculated TG i 


; of energy grass-lignit 
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Percentage of energy grass in blends (wt %) 

Fig. 6. Comparison of experimental and calculated char yields with different 
blending ratios. 


of 5,10,15, 20 and 30 °C/min, and the experimental points are the 
average from different heating rates of 5,10,15, 20 and 30 °C/min. 
In Fig. 6, a corresponding decrease in the char yield is observed 
with increasing the mass fraction of energy grass in the blend, 
presenting an approximate liner relationship. This is due to the 
higher volatile and lower fixed carbon contents in energy grass 


than lignite. Experimental char yields against the blending ratio 
indicate the experimental values distribute in the vicinity of the 
calculated curve, and the maximum deviation from the theoretical 
value is 3.5% for blending ratio of 5:5. No significant difference 
between the experiment and the calculation assuming a simple 
additive behavior in char yields is obtained during the co-pyrolysis 
of energy grass and lignite. Similar results were obtained for 
different co-pyrolysis processes of coal and biomass, such as cotton 
residue, olive kernel, forest residue, rice husk, sugarcane bagasse, 
pine saw dust and oil palm [1,7,8,10,17,30], 

According to the interaction examination between energy grass 
and lignite, the gaseous emissions should follow the similar 
additive behavior for different energy grass-lignite blends. This 
conclusion is also supported by the MS analysis as expected. 
Hydrogen (m/z = 2), methane (m/z= 15), water (m/z= 18), carbon 
dioxide (m/z = 44), nitrogen dioxide (m/z = 46), sulfur dioxide 
(m/z = 48, 64) and organic fragments, as detected during the 
individual pyrolysis process, are recorded over the co-pyrolysis 
process. The gaseous products emission peaks of blends are found 
in agreement with the combination of single fuel. 

3.3. Activation energy of pyrolysis 

The weight loss of sample with increasing temperature is con¬ 
stantly measured and recorded using thermogravimetric analyzer, 
and the kinetics can be determined by the Arrhenius equation [31 ]. 
Many different reaction models are used in coal/biomass pyrolysis 



Fig. 7. Arrhenius plots of In (j3/T 2 ) vs. 1 /I for energy grass and lignite. 
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process [8,12,17,32,33]. Among these models, the distributed acti¬ 
vation energy model (DAEM) was considered to be one of the most 
important methods to reflect the real complexity of coal, coke and 
other carbonized solid fuels [34], The activation energy 
corresponding to the conversion rate is not directly related to the 
heating rate by DAEM, which can give an objective description of 
the pyrolysis process. Currently, the DAEM has been employed 
successfully in analyzing the complex reactions involved in the 
co-pyrolysis process of biomass-coal blends [28,35,36], This model 
assumes an infinite number of irreversible first-order parallel 
reactions with different activation energies, and the difference in 
activation energies is represented by a distribution function. The 
model is expressed as: 

l-^«sj| exp (-ko j e- E/RT dtjf(E)dE (2) 

where V is the weight loss by time t, V* is the total weight loss at the 
end of pyrolysis, k 0 is the frequency factor corresponding to E, and 
j[E) is the distribution function of activation energy, representing 
the variation of the activation energies of those first-order irrevers¬ 
ible reactions. The distribution function value plays an important 
role in determining the contribution rate of the total volatiles 
released [36], Eq. (2) is often simplified to the expression as [37,38]: 

\-^= J o °°0(E,T)f(E)dE (3) 

According to Eqs. (2) and (3), Eq. (4) should be expressed as: 


0{E, T) = exp j J* B-Wdtj (4) 

A step function U at an activation energy E s for <P(E, T) is postu¬ 
lated to give an approximation for Eq. (4) as [37] 

$(E,T) = U(E-E S ) (5) 

and thus Eq. (3) is simplified to 

( 6 ) 

This condition is found to hold approximately when 
<P(E, T) m 0.58 for many combinations of k 0 and/(E) from the exam¬ 
inations by Miura and Maki [38] and Shen et al. [39], As a result, 
the Arrhenius equation can be described as follows: 

ln(£) - 0.6075 (7) 

By Eq (7), both E and k 0 can be obtained from the linear relation¬ 
ship between In {PIT 2 ) and (1/T) at selected V/V* value. The proce¬ 
dure for estimating the /[E) and k 0 can be summarized as follows 
[38]: 

(1) To measure V/V* vs. T relationships at least three different 
heating rates. 

(2) To calculate the values of In [PIT 2 ) and (1/T) at the same V/V* 
for different heating rates. 
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(3) To plot In {PIT 2 ) vs. (1/T) at the same VjV* values, and deter¬ 
mine E and k 0 from the slopes and intercepts, respectively. 

(4) To plot V/V* vs. E and differentiate the curve to obtain /(E). 

As typical examples, Arrhenius plots of different fuels in Fig. 7 
display linear and parallel development. The correlation coeffi¬ 
cients are all above 0.95, which means the thermal degradation 
processes of energy grass, lignite and their blends can be described 
by a set of single reactions. According to the DAEM, the distribu¬ 
tions of activation energy (E) values are obtained from the slopes 
of the liner-fitting lines, and each conversion rate has individual 
corresponding activation energy during the thermal decomposi¬ 
tion process. Since the low correlation is observed for conversion 
below 0.2 or above 0.8, the above cases are left out of the calcula¬ 
tions to avoid introducing an incorrect interpretation of the phe¬ 
nomena [40], 

Fig. 8 shows the activation energy (E) distributions for energy 
grass, lignite and their blends. The J[E) curves of different fuels 
display Gaussian distributions as the previous investigations 
[36,38], The peak E value of energy grass is 134kJ/mol and has 
a corresponding f[E) of 0.038 mol/kj. However, the activation 
energy values of lignite are higher than energy grass. A peak £ 
value of 221 kj/mol and a corresponding J[E) of 0.029 mol/kj 
are respectively observed for the lignite, which is consist with 
the study of Miura and Maki [38], For the energy grass-lignite 
blends, the values of E are distributed between those of the sin¬ 
gle fuels. With increasing percent of energy grass in the blend, 
the activation energy distribution shifts to energy grass. This also 
implies that the DAEM is able to predict the pyrolysis behavior 
of the energy grass-lignite blends. 


4. Conclusions 

Thermal behaviors and kinetics of energy grass, lignite and their 
blends are investigated based on thermogravimetric analysis 
together with mass spectrometry. The following conclusions are 
obtained from this work: 

(1) Energy grass undergoes higher weight loss in a narrow tem¬ 
perature range, whilst lignite is decomposed at a relatively 
low rate over the whole temperature range. The maximum 
decomposition rate increases with increasing the heating 
rate for both energy grass and lignite. 

(2) The mass spectrometric analysis indicates that the hydro¬ 
gen, methane, water and carbon dioxide are the major deg¬ 
radation products for either energy grass or lignite. The 
emission of sulfur dioxide from energy grass is much lower 
than that from lignite during the pyrolysis process. 

(3) The co-pyrolysis process of energy grass-lignite blends is 
characterized by two-stage thermal degradation. Energy 
grass plays a dominant role in the first stage, and lignite in 
the second stage. 

(4) The co-pyrolysis of energy grass and lignite reveals additive 
properties under the experimental conditions investigated. 
The thermal decomposition and gaseous product emission 
characteristics of blends are close to the combination of 
the single fuels. 

(5) The distributed activation energy model (DAEM) gives an 
objective description of the pyrolysis process of single fuel 
or energy grass-lignite blend. The activation energy of 
energy grass is smaller than that of lignite. With increasing 
the percent of energy grass in the blend, the activation 
energy distribution of energy grass-lignite blend shifts to 
energy grass. 
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